Abstract
proposed terahertz lumped structural parameter calculated from terahertz measurements. This 23 lumped structural parameter can be used to analyse the pattern of arrangement of excipient and 24 API particles in porous pharmaceutical tablets. Therefore, we propose that the optical 25 compressibility can serve as a quality parameter of a pharmaceutical tablet corresponding with 26 the bulk modulus of the porous tablet, which is related to structural arrangement of the powder 27 particles and the bulk modulus of a porous tablet. 
Introduction
This study continues our work to retrieve physical parameters, which directly affect critical 78 quality attributes of a tablet, from non-destructive and contactless terahertz measurements. So 79 far, we have established correlation between the effective THz refractive index and porosity
80
[21], surface roughness [21] , lumped structural parameter [20] , and Young's modulus [8] . 81 Here, we suggest a new optical compressibility parameter and compare it with the measured 82 bulk modulus of tablets.
83

Theory
84
The data analysis in this study is based on the measurement of time delay (Δt) of a terahertz 85 pulse. The time delay is caused by the more optically dense tablet compared to the undisturbed 86 propagation of the pulse through nitrogen gas, which is typically used as a reference medium 87 in laboratory terahertz measurements. Hence, we assume the validity of the following equation vacuum. The refractive index of nitrogen is assumed to be equal to unity.
92
In the derivation of the structural parameter S of a porous pharmaceutical tablet we exploited of the external electric field. This means that, for example, a needle -shaped particle orientated 98 parallel to the external electric field (in our case direction of propagation of the THz pulse)
99
would develop little screening, whereas a disc-shaped particle of the same volume would yield 100 strong screening. The effective permittivity of a porous pharmaceutical tablet can be assumed 101 to be constructed from parallel and series connections of the internal solid structures as follows
102
[20]:
where U and L are the upper and lower Wiener bounds of the permittivity, respectively, and
105
S is the structural parameter. S is a measure of that fractional part of the randomly distributed 106 structures in a porous medium that can be lumped together in parallel and in series coordination,
107
respectively. Since the true value of the effective permittivity of the tablet is always confined 108 between the upper and lower values of the effective permittivity, the structural parameter S is 109 a number that ranges from zero (all constituents in parallel) to one (all constituents in series).
110
The definition of S holds equally for multiphase systems. In our study, we will only deal with 111 a three-phase system, air and two solid phases, respectively. Eq. The dimensionless optical compressibility defined in this way shows inverse dependence of 154 the compressibility on the effective refractive index, which in turn is linearly correlated to the 155 density/porosity of the tablet. The interpretation of Eq. (7) is that the denser the medium (i.e.
156
higher compaction pressure) the higher the effective refractive index, since the density of a 157 medium is correlating with the refractive index of the medium, and, hence, the lower the optical 158 compressibility parameter. 
166 167 where nMCC and nAPI are the intrinsic refractive indices of MCC and Indomethacin, fair is the 168 porosity of the tablet, and x is the dimensionless mass fraction (different from fAPI) of the API.
169
By substituting Eq. (8) into Eq. (7), the optical compressibility can be re-expressed as, 
Materials and methods
184
Two sets of round flat-faced pharmaceutical tablets were compressed from the defined 
210
The density of the samples was calculated from the average dimensions and the average 211 measured weight of the tablet. The tablet porosity was calculated by forming a ratio between 212 the tablet density and the true density of MCC and Indomethacin, and the S parameter was 213 calculated by using the equations given in the theory section. In Table 1 , we have numbered 
Results and discussion
261
The values for the optical compressibility parameter, βTHz, for the case of Set 1 are shown in Table 1 it is evident that the refractive index of the tablets 267 vary only slightly, whereas much stronger variations can be observed for their structural 268 parameter S, sensitive to the series-parallel arrangement of constituents in the tablets.
269
Assuming that all the tablets of Set 1 have the same porosity and API wt%, the conclusion can is increasing, as shown in Table 2 . In Fig. 2 we plot the structural parameter as a function of 
287
The optical compressibility parameter βTHz as a function of S for tablet Set 2 is shown in Fig.   288 3. The optical compressibility βTHz is increasing with increasing S. The optical compressibility 289 range of Set 2 is ca 1.66 -2.47, which is wider than that of Set 1 ca. 1.86 -1.89. Since both the 290 porosity and the API mass fraction have been changing in the situation of Set 2, it is necessarily 291 more complex than in the case of Set 1.
292
Besides the correlation of βTHz with the parameter S we also studied the explicit dependence of hyperbolic dependence of βTHz on x would also be expected. 
304
The skeletal bulk modulus of the sample number 1 of Set 2 (Table 2) 
315
Our idea outlined in this paper is to retrieve information on compressibility and, hence, 316 mechanical properties of a tablet using a non-destructive method based on the THz pulse delay 317 detection. In this article, we have introduced the concept of optical compressibility of 318 pharmaceutical tablets.
319
The optical compressibility was studied for two training tablet sets. A theoretical model that force provides a quality control tool for both tablet compression and formulation consistency.
334
The transmitted terahertz signal, therefore, gives volumetric and structural information on the 335 tablet as it stands without using any external disturbance. In other words, the optical 336 compressibility is an intrinsic property of each tablet and its formulation.
337
Relatively regular behaviour of the optical compressibility as a function of the structural 338 parameter, S, porosity fair, and API mass fraction x, was obtained for both tablet Sets 1 and 2.
339
Using the data of skeletal bulk modulus of Set 2 we found a correlation between the optical 340 compressibility and bulk modulus. The bulk modulus relates only to the direct compressibility 341 of the material itself making up the skeleton but not that of the skeleton structure.
342
The study of the structural parameter, as well as the optical compressibility provides a more 
